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7—PHASE IN WC—Co CEMENTED CARBIDES?

Li‘u, Shourong
Tianjin Institute of Hard Alloy, Tianjin 300222, China

ABSTRACT

The allotropic transformalion process of the y—phasc in WC—Co cemented carbides has been explored. The

concepts of y—grain and the y—domain have been proposed forward: The y—domain is the residual FCC—type

f—Co grain thal failcd to transform when cooling alloy sample and y—basc is the HCP—typc x—Co transformed

mainly by mcans ol difTusion, the oullinc of the y=-grain is consistent with the newly fromed f—Co grain formed

al high temperature. The quantity and distribution of y—grain domain are rclated 1o the cooling rate after sinter-

ing and influcnce the alloys propertics.
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I INTRODUCTION

May rcported studics have shown that the
y—phasc of WC—Co alioys is po]ycrystallinc“_‘”.
Duc to the complexity of the allotropic trans-
[ormation in Co—bascd solid solution, the studics
ol [actors afl'cding structural composition ol the

vy—phasc in WC—Co alloys at room tcmpcraturc

have been insulficient, especially the concept of

[5-6

y—domain I The author has made lurther cx-

perimental studics on the basis ol the lormer

workm, has put forward the dilferent concepts of

y—grain and y—domain in WC—Co ccmented
carbidcs and has discussed the allotropic (rans-
formation of the y—phasc in WC—Co alloys.

2 EXPERIMENTS AND RESULT

2.1 Experimental

WC—Co alloy samplcs posscssing dillcrent
WC grain siz¢ and Co contents made on the ba-
sis ol conventional powder mectallurgy cngi-
neering by means of liquid—phase sintering. The
y—domain has been revealed with LSR—10 chem-
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ical cichant or clectrolytic mcthod. The y—grains
were displayed by SEM back-scatiered clectron
imaging. The rclative composition of a—Co to
f—Co in the y—phasc was analyzed by the
D/ MAX—-RC X-ray dillractomcicr and com-
parced with metallographic results. The chemical
composition in cvery zonc of y—domain and
y—grains was analyzed with EDAX. The alloy
propertics, such as bending Strength o; hardncss,
HV, spccilic saluration magnctization, 4ne; and
cocreitive force H, were mcasured by conven-
tional methods.

The changes in the y—domain resulting [rom
variation in the cooling rate, working dclorma-
tion and stress was cxamined by means ol al-
tering the cooling rale alter sintering, quenching,
spark discharge wire cutling and dilferent me-
tallographic preparation techniqucs.

2.2 Results

2.2.1 The Morphology of y—phasc in WC—-Co

Cemented Carbidces

The y—grain morphology usually rcmains
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clear at the sintering surface of WC—Co alloy
samples (Fig.1(a)). The y—boundarics al the pol-
ished surface ol samples could hardly be revealed
by chemical clching but could be scen by SEM
back-scatlered clectron imaging (Fig.1b). The
y—phasc in WC—Co alloy usually consists of
cquiaxial polycrystals which arc close in size
(about 0.4~ 1.2 mm) and arc scparated [rom
cach other along boundarics. The y—grain [ca-
turcs on the sample surlace similar to that in
samplc interier.

The y—domains on polished sample surlaces
can he repeatedly revealed by chemical ctching.
OM high magnification obscrvation has shown
that the pictrure constract ol the y—domain, with
its base, is based on diflerences ol corrosion re-
sistance to the chemical ctehant (Fig.2(a)). There
is universally a y—domain in WC—Co alloys with
diflerent cobalt contents cven in purc cobalt. The
y—domain in sintered statc WC—Co alloys dis-
tributes nonuniformly in the base in the form of
cquiaxial or approximately equiaxial isolated is-
lands, and usually through thc porcs, holes or
impuritics at the core cutectic graphite can penc-
tratec the y—domain. The y—domian sizc scems
independent of Co content in samples and 18
highly varied scatiered (10~ 700 pm), as shown
m Fig.2(b), ().

Fig. 1

The y—domains in the surface layer of
WC—Co alloy distribuic with somc rcgularity
(Fig.3(a)). The y—domain in quick cooled quasi-
culcctic WC—Co alloys about 66.67 wt.—% Co is
dendritic (Fig.3(b)). In the surfacc layer of
sintcred purc cobalt samples, the y—domains are
connected cach other as the bright ferrite layer in
dccarburized Fe—C alloy sample surface.

2.2.2 The Structural and Compositional Fea-
turcs of y—phasc in WC—Co Alloys

It is evident [rom Fig.3 that the y—domain
can be dendritic, so it is a single—phasc crystalm.
The H_ valuc is slightly dillerential in the
y—domain image and also by back-scatiered clec-
tron images. Dillcrence in wolfram content in ex-
terior and inner arcas of the y—domain haven't
been detected by EDAX, though the solid solu-
bility in f—Co is greater than that in x~Co. Since
thc y—domain in purc cobalt samplcs can be
clearly revealed by chemical etching (Fig.2(c)). So
the dilfcrence in corrosion resistance between the
y—domain and the y—base docsn’t lic in their
compositions but in their structurcs. The X—ray
dilTraction phasc analysis shows that the y—phase
of WC—Co alloys, usually consists ol two diller-
ent allotropics, a—Co and f—Co nol only on the
surface but also in the interior of sintcred WC—

v—grains of WC—-20Co alloy

(a)—on the sample surface, OM( X 25); (b)—on the polished surface, SEM( % 21)

|
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Fig. 2 y—domain in WC—Co alloy
(a)—WC—15 Co alloy, OM(x 300); (b)—WC=20 Co alloy, OM(x 25); (c)—sintered purc cobalt, OM(x 25)

Fig. 3 vy—domain distribution in WC—Co alloys
(a)—on the surface layer of WC—135 Co alloy, OM(x 25);

(b)—the dendritic y—domains of quasi-cutectic WC—Co alloy, OM(x 25)
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Fig. 4 X-—ray diffraction pattern of y—phase on

sample surface layer in WC—20Co alloy

Co samples al room tecmpcerature, as shown in
Figd.

The rclative compositions ol the above
y—phasc allotropics in WC—Co alloys with dil-
ferent Co contents, determined by mcans of
X--ray phasc analysis 18 consistent with the
mclallographic results. For the above rcasons,
the y—domain is FCC—lypc /—Co and the y—basc
HCP—typc a—Co.

But the SEM back-scattered clectron image
can display thc y—grains on the uncorroded pol-
ished sample surface (Fig.1(b)). The EDAX rc-
sult showed 1oo that the W content in the interior
ol the y—gramn is less than that in the grain
boundarics.
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Fig. 5 Effect of wire cutting machining on the y—domain in WC-20 Co alloy

(a)—sintered; (b)—wirc culting machinced

2.2.3 The Factors Allccting the y—domain in

WC—Co Alioy

Increcasing the cooling ralc alter sintering
and quenching can result in a line and well dis-
tributed y—domain and an increasc in its rclative
conlcnt in alloy sam p]csm. Molybdenun wire cut-
ung machining can increasc the relative content
and cvidently decrease the size of y—domain at
the heat influenced layer (Fig.5(a), (b)). The dis-
tribution pattern of the y—domain in the sintered
surface o WC—Co alloys rcpresents the surlace
temperature ficld formed at the beginning to so-
lidily y—phase (Fig.3a). Similar regularity in the

distrilution of the y—domain in the interiors ol

samplc hasn’t been found.

There arc coarse grains and a greater rcla-
tive amount ol y—domain in linc WC grain alloy
than in coarsc grain alloys formcd with the same
Co conlent and under the same condifion. For
cxample, the y—domain sizes arc respectively 0.1
~0.6 mm and 0.01 ~0.18 mm in {inc WC-20 Co
alloy and in coarsc WC—20 Co alloy.

The relative content ol f—Co in the y—phasc
and thc y—domain in alloy samples analyzed
respectively by X—ray dillraction analysis and
mctatlographic cxamination consistently dceer-
cased when aliering the metallographic prepara-
tion to form diffcrent degrees of deformation de-

gree and residual stress. However the morpho-
logy of the y—grain in samples didn’t changed.
But aflter polishing the WC—-80 Co alloy sample
by mcans of the technigque cxplained in Ref.[9],
X—ray diffraction of p—-Co and guantative
mcLallbgraphic cxamination of the y—domain
showed that the relative amount of f—Co in the
y—phas¢ and y—domain in alloy samplc ap-
proachced 100%. Tt is showed that the degree of
delormation resulting from the preparation pro-
cess 1s extremcely small and the outlines of the
y—grain and y—domain arc identical with cach
other (Fig.6).

Fig. ¢ y—domains in WC-80 Co alloy

Analyzing the WC—20 Co samplc in which
surlacc there was 90% y—Co(by X—ray analysis),
alter grinding away 0.2 mm thickncss showed
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that the y—grains rcmained the same, but the
amount of y—domain dccreased to 80% which
indicates, comparced to the surlace layer, the rcla-
tive amounts ol y—domain at thc surface layer
and in interior of the sample were quite dillerent.

2.2.4 Rclationship ol the y—domain to the
Propertics of WC—Co Alloys

Qucnching WC—Co alloys samples with dil-
fcrent Co content by holding them for 30 min at
1250 C in H, can makc the y—domain [ined,
well-distributed and raised, 1ts relative amount
incrcacd. The raised amount of bending strentgh
arc respectively: WC—6Co, 4.2%; WC—-10Co,
50%; WC-20Co, 9.0% and WC-20C Co,
10.0% . The Vickers indentation crack length for
WC-20Co alloy with 30 kg load decrecased (rom
67 ym 1o 45 um, 1.¢c. the toughness improved, and
correspondingly the specilic saturation magncti-
zation, 4no, decrcascd while the magnetic co-
creivity lorce H raised.

3 DISCUSSION

The literature!!®!

shows that, the M, trans-
[ormation tecmpceraturc. ol FCC——HCP in purc
cobalt is 700 K. Owing 1o the solution of W in
the y—phasc and the mechanicals restraint role of
WC grains, a rigid skcleton increases the stability
of the f—Co and reduces the non-dillusible
M, rransformation lemperaturc to room lem-
perature. Therelore, the y—phase ol WC—Co al-
loys is f—Co at room tecmperature and the small
amount ol a«—Co in it rcsulis from plastic
deformation or shear stress induction at room

tcmpcralurc.“].

%8 showed that the y—phasc

But past work!
of purc cobalt and WC—Co alloys was usually a
mixture of a—Co and fi—Co. There was a litlle
a—Co, cven also in the sintcred surflace layer of
the sample. Also there should be more influence
on deformation or shear stress and less mechani-
cal restraint by a rigid WC skeleton on the

y—phase in high cobalt content WC—80 Co alloy

than in low cobalt content WC—20Co alloy when
preparcd melallographically, but there was 100%
high f—Co at the polished surface of WC—80Co
sample. This means that the cxistence of —Co in
WC—Co alloys at room tcmperture resulted
mainly [rom (he phasc transformation when
cooling the samples beyond the Mg lemperture,
cven il considering the influence deformation of
siress.

Conscquently, the FCC-—HCP transfor-
mation ol a cooling alloy sample afler sintering
may bc thought to proceed by means of di-
[Tusible and nondiffusible martensite type and to
follow nuclcating and growing rcgularitics. Alloy
samples usually stayed for a long time in the
low-tcmpcrature zone and the cooling end of the
sintering [urnacc. The cooling ratce is usually low-
cr after sintering [urnace above the M, tcmpcera-
turc. Therclore the translformation mentioned
above is mainly difTusible. Because this process
procceds slowly, the y—phasc is mainly f—Co at
room lempcraturc.

When cooling to the liquidus ling, the f—Co
nuclei form [rom the liquid y—phasc and the nu-
clear formation ratce is restricted by the degree of
surpercoohing degree. Once growing f—Co grains
contact cach other, the f—Co polycrystal, i.c. the
ncwbom f—Co grains, forms. The [ormation of
Solid fi—Co grains recsults in local volumc con-
traction, ncighbouring liquid phase [illing up and
a pushing ofl ol the pnmary WC grams to the
newbom y—boundarics.

When cooling 1o about 1000 kH2 the a—Co
crystal nuclel, governed mainly by dillusion,
form at the newly formed y—boundarics, i.c.
f—Co boundarics, and grow towards the inlerior
ol the y—grain as the temperature (alls. The trans-
formed portion is the y—basc («—Co) and the re-
mainder is the residual f—Co grains i.c. y—do-
mains at room tcmperature. The composition
dilTerence between the y—domain and y—basc lics
only in the solubility ol W in them, which was
barcly distinguished with EDAX. In the cooling
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of solid WC—Co alloy, the ncwly [ormed y—grain
morphology and the WC grains distribution can
remain mainly unchanged to room temperature,
but the size and the shape of the y—domains can
changed in various degrecs, although their sizc is
less than thal of a y—grain. In view of the cxpec-
tation that the dendrite grain should disappcar

after allotropic transformation!'?

, lhe existence
ol the dendrite grains (sce in Fig.3b) shows that
the y—domain is just rcsidual FCC—1ype f—Co.
Furthermore, regardless on the basis of the
noncrystalline bonded boundary thecory or the
transitional latticc boundary theory, large zonc
(morc than 100 times the size of cobalt atom in-
terval) and homogencous composition and struc-
ture of the y—basc show thal the y—basc is an in-
dependent phase but not the boundary.

Because the undulations ol tempcerature and
composition arc notl identical at dilferent posi-
tions in an alloy sample, the FCC—HCP trans-
formation ol y—phasc 18 non-uniform. Therclo-
re, the newly lormed f—Co grains (y—grains) can
be completely or partially transformed to a—Co,
Therclore the y—domain is non-uniform in distri-
bution and variablc in sizc al room (cmpcerature,
The energy of the f—Co grains lying in defects
such as pores holes, ctc., is low, so they casily re-
main unchanged (Fig.2(b)).

The two forms of FCC—H(CP transforma-
tion in the y—phasc arc not strictly separated. The
non—difTusible (M) translormation intensifics as
the cooling rate rises, but the diffusion is still
principally above the Af, tempcrature. Therelo-
re, the higher the cooling rate, the less the
amount ol a—Co {ransformed and the greater the
amount of y—domain. The greater y—domain n
the sintered surlace than in the interior of alloy
samples and the connected v—domains at the sur-
lace layer in pure Co sampics resulted from the
higher cooling rates at surfaces than in the inter-
ors of Sintered samples.

As the temperature rises belore quenching,
the fi—Co nuclei [irst form at y—boundarics,

which have high W content and grow towards
the graimn interior to connect the y—domain and
the a—Co turns completely into f—~Co beyond
1 000 K at which point thc y—grain sizc and WC
grain distribution basically remain unchanged.
Extremely rapid supcrcooling ralc in subscquent
cooling brings aboul the high nuclcar [ormation
rale of «a—Co and rcsulling in a greater amount
and morc homogencous distribution of y—do-
main at room tcmperature.

When wire cutling, the y-phase at the ma-
chined surface melts. The extreme supercooling
ralc resulted [rom the dcionized water which
lcads to a high nuclear [ormation ratce of f—Co.
Therefore, the newborn y—grains are finc. When
solid alloy subscquently cools, the FCC~—~—HCP
transformation of the y—phasc lakes place. The
a—Co nuclet fTorm preferentially at y—boundarics
{energy [actor). Because ol the greal amount of
y—grain boundarics and cxtrcme super cooling
rale, the resuling a—Co 1s scattering in distribu-
tion and less in quantity. Correspondingly, there
is [incr size, morc cven distnbution and a greater
amount ol y—domain in the machined surface
laycr than in the samplc interior.,

For the same Co content, the lower compo-
sition undulation in [inc WC grain al]oy’than in
coarse grain alloys when liquid y—phasc begins Lo
solid leads to lower nuclear [ormation rates of
f—Co. In addition thc coarscr newly [ormed
y—grains and lowed amount ol y—boundary lcad
Lo coarsc y—domains at room tecmperaturc.

Duc to the more slip systems and greater
solid solubility of W in /~Co than in a—Co,
f—Co was better plasticity and toughness. Hen-
cc, any processes f[avouring incrcasing the
amount ol y—domain and homogenizing its dis-
tribution (lor example quenching) would lead 1o
improve strength and toughness ol WC—Co al-
loys. Thc cliccl ol y—phasc struclurc on alloy
magnetism is I¢ss than that of its content. There-
fore, the increase the increment of W osolid solu-
bility in y—phasc by quenching would necessarily
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lower the 4na and raise the H, of WC—Co alloy,
though the incrcasc ol the y—domain would have
the opposite clleet.

4 CONCLUSIONS

(1) The y—domain in WC—Co ccmented
carbides consists of the residual FCC—type f—Co
grains thal [ail in transformation when the alloy
is cooled alter sintering. The y—basc is the
HCP—-type o—Co translormed mainly by mcans
ol difTusion, the outline ol the y—grains 1s consis-
tent with the newly formed f—Co grains [ormed
at high temperaturc. Under the existence of two
types ol y—solid solution at room tempcrature,
the y—domain isn’t identical with the y—grain but
is a part of the y—grain i.c. the rcsidual FCC
fi—Co;

(2) The y—domain and the y—grain in
WC—Co alloy can be respectively revealed by
LSR—10 ctchant and displayed with SEM ba-
ck-scattered images. The revclation of a y—do-
main provides a simplc visual mcthod for identi-
[ying i—Co in WC—Co alloys;

(3) Thc y—domain and the y—grain in WC~—
Co alloys arc all usually cquiaxial or appro-
ximaltcly equiaxial. Their sizes arc respectively 10
~70 gm and 0.4~ 1.2 mm. Thc y—domain usual-
ly distributed in the y—basc in the lorm of “iso-
lated island”, and its size and distribution arc al-

fected by the cooling rate after sintering and re-
lated to the newly formed y—grain size;

(4) The proportional volume and distribu-
tion [eatures ol the y—domain can cvidently af-
et the strength and toughness ol WC—Co alloy.
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